Introduction
Geologic evidence indicates that hydrothermal circulation plays an important role in cooling the lower crust at slow-spreading mid-ocean ridges. Gabbroic rocks with subgreenschist-to amphibolite-facies metamorphism, attributed to hydrothermal circulation, have been recovered from numerous exposures of lower crustal sections at slow-spreading ridges [e.g., Bonatti et al., 1975; Coogan et al., 2001b; Fletcher et al., 1997; Gillis et al., 1993; Ito and Anderson, 1983; Mevel, 1988; Miyashiro et al., 1971; Talbi et al., 1999] . Similarly, detailed studies of deep drill cores into lower crustal gabbros exposed by detachment faults (Atlantis Massif, Mid-Atlantic Ridge (MAR), and Atlantis Bank, Southwest Indian Ridge (SWIR)) have documented multiple generations of hydrothermal metamorphism, including high-temperature amphibolite-facies metamorphism attributed to fluid infiltration at or near the ridge axis [Nozaka and Fryer, 2011; Robinson et al., 1991; Stakes et al., 1991; Vanko and Stakes, 1991] and greenschist-facies and lower grade metamorphism related to cooling and exhumation [Bach et al., 2001; To understand crustal accretion at slow-spreading ridges, it is necessary to understand the interaction between hydrothermal and magmatic processes, which is likely complex. Crustal growth at slow-spreading ridges is thought to occur by episodic magmatic intrusions, resulting in transitory thermal conditions and an evolving crustal structure [e.g., Sinton and Detrick, 1992] . Microseismicity indicates that during amagmatic intervals, faults at the ridge axis can penetrate into the lower crust [Kong et al., 1992; Toomey et al., 1985; Wolfe et al., 1995] , facilitating deeper hydrothermal systems. If the overall cooling history of the crust is repeatedly perturbed by successive magmatic intrusions, gabbros in the lower crust could be affected by multiple generations of hydrothermal metamorphism [Gillis et al., 1993] .
To determine the timing of magmatism and hydrothermal alteration during formation of the lower crust at a slow-spreading ridge, we applied high-precision geochronology to a hydrothermally metamorphosed gabbro from the Vema lithospheric section at 11°N on the MAR. The Vema lithospheric section is exposed along a~300 km ridge on the southern side of the Vema transform fault (Figure 1 ) [Auzende et al., 1989; Bonatti et al., 2003; Heezen et al., 1964; Kastens et al., 1998 ]. The ridge rises 3-4 km above the transform valley, and the faulted northern side exposes a relatively undisturbed cross section through pillow basalts, sheeted dikes, gabbros, and mantle peridotites [Auzende et al., 1989] . The crust in the study area is thin, with a total thickness of~2.2 km [Auzende et al., 1989] . The ridge was uplifted between 12 and 11 Ma, during a change in orientation of the MAR axis [Bonatti et al., 2005] . The studied sample was recovered by dredge during an R/V Jean Charcot cruise in 1978 [Honnorez et al., 1984] .
In two previous studies, we have used high-precision U/Pb zircon geochronology to study the age and timescales of igneous crystallization in the Vema lithospheric section [Lissenberg et al., 2009; Rioux et al., 2012b] . In these studies, we analyzed clear zircons with few or no inclusions from five gabbros collected by dredge and submersible. Th-corrected 206 Pb/ 238 U dates ranged from 13.70 to 13.22 Ma and were interpreted to record the timing of igneous crystallization-dates reported throughout are recalculated from Rioux et al. [2012b] using the most recent calibration of the EARTHTIME ET535 tracer, the revised value of 235 U/ 238 U in zircon from Hiess et al. [2012] , and a revised estimate for the Th/U of the magmas from which the zircons crystallized (effective Th/U = 2.63 ± 0.90), following . The dated gabbros were collected over a distance of~6 km perpendicular to the ridge axis, and the distance-versus-age relationship is consistent with the spreading rate predicted from marine magnetic anomalies [Lissenberg et al., 2009; Müller et al., 2008] . Zircons from four of the gabbros yielded a range of Th-corrected 206 Pb/ 238 U dates with maximum likelihood estimates of the overdispersion between 0.072 and 0.164 Ma, consistent with either protracted crystallization in a magma chamber/mush zone or inheritance of older grains from adjacent rocks [Lissenberg et al., 2009; Rioux et al., 2012b] .
Two of the studied gabbros were affected by hydrothermal metamorphism, and subsequent work on these samples demonstrated that one of them (DR10-005; dredge location 10.692°N, 42.680°W; Figure 1 ) contains multiple U-bearing accessory minerals, which provided the opportunity to directly date the timing of both magmatic and hydrothermal processes. Th-corrected inclusions and (2) xenotimes (Y [PO 4 ]) that textural relationships suggest grew either during or following hydrothermal metamorphism. Here we present the results of a detailed study of this gabbro, including petrographic and geochemical constraints on the conditions of hydrothermal metamorphism, high-precision U-Pb dates for the inclusion-rich zircons and the xenotimes, and new Ti-in-zircon analyses of the previously dated clear zircons. The data suggest that there was interspersed hydrothermal metamorphism and gabbroic magmatism during formation of the gabbroic crust of the MAR along the Vema transform.
Analytical Techniques
Analytical work for this study was carried out at the Massachusetts Institute of Technology (MIT), the University of Kiel, the University of Bremen, and the University of California, Santa Barbara (UCSB).
Petrography
Petrographic relationships and mineral zoning were studied using scanning electron microscopy (SEM), and backscattered electron (BSE) and cathodoluminescence (CL) imaging. Imaging of major minerals was done on the JEOL Superprobe JXA-8900 in the Department of Geosciences, University of Kiel. Detailed imaging of zircon and xenotime was done in thin section, thick section, and grain mount on the JEOL Superprobe JXA-733 at MIT and on the FEI Quanta 400F field-emission SEM at UCSB.
Mineral Chemistry
Mineral chemistry was analyzed on the JEOL Superprobe JXA-8900 at the University of Kiel. For measurement of accessory zircon, xenotime, britholite, and monazite an accelerating voltage of 20 kV and a probe current of 60 nA were used. Prior to measurement, the internal structure of the mineral grains was carefully checked using BSE images. Standards for Si, Mg, Ca, Zr, Ti, Pb, and Th were natural minerals (zircon, forsterite, wollastonite, rutile, crocoite, and thorianite); synthetic U-bearing glass was used as a standard material for U, Hf metal for Hf, and synthetic orthophosphates [Jarosewich and Boatner, 1991] for the rare earth elements (REE), Y and P. The interference of Th Mγ on U Mβ was corrected using an experimentally determined correction factor. The JEOL ZAF procedure was used for matrix correction of the raw data. Major primary and secondary silicate and oxide minerals were measured using an accelerating voltage of 15 kV at a beam current of 15 nA. Natural minerals were used as reference materials, and the raw data were corrected using the JEOL ZAF procedure.
Complementary major mineral trace element analyses were performed by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the University of Bremen. We used a NewWave UP193 solid-state laser with an output wavelength of 193 nm, coupled to a ThermoScientific Element2 high-resolution ICP-MS. Depending on the microtextural context, the laser beam diameter was in the range of 40 to 100 μm. Ca or Si was used as an internal standard element for quantification of the raw data. National Institute of Standards and Technology (NIST) glass standard SRM612 was used for calibration; the analytical quality was controlled by repeat analyses of the glass standards NIST SRM610 and U.S. Geological Survey BCR-2G and BHVO-2G.
Ti-in-Zircon
Ti-in-zircon was measured by laser ablation using a Photon Si of the fragment and NIST 612 glass using a 70 μm spot in linkscan mode. The UCSB 91500 fragment had Ti concentrations of 4.9 ± 0.7 ppm to 6.5 ± 0.7 ppm (n = 8) with a weighted mean of 5.8 ± 0.3 (mean square of weighted deviates (MSWD) = 2.2). The MSWD of the weighted mean is higher than expected for a single population, suggesting that either the estimated uncertainties are too small or 91500 is zoned in Ti, as suggested by Watson et al. [2006] . The range of measured Ti concentrations is consistent with measurements of Ti in other fragments of 91500 by Watson et al. [2006] (3-6 ppm), Reid et al. [2011] (4.1-5.9 ppm), and Fu et al. [2008] (3.1-7.0 ppm).
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Ti in unknowns was measured on the Attom in static collection mode using a 50 μm laser spot. Zircons from GJ1 and the Bishop Tuff were used to monitor accuracy. GJ1 zircons analyzed during the sample analyses yielded Ti concentrations with a weighted mean of 4.5 ± 0.1 ppm (MSWD = 0.6; n = 10), within uncertainty of the Ti concentration for GJ1 determined relative to NIST612 during the standard calibration runs (4.7 ± 0.2 ppm; MSWD = 1.4; n = 7, one analysis excluded). Three analyses of Bishop Tuff zircons yielded Ti concentrations of 3.5 ± 0.3 ppm to 3.7 ± 0.3 ppm, in general agreement with Ti concentrations in Bishop Tuff zircons reported by Reid et al. [2011] .
U-Pb Geochronology
U/Pb geochronology was carried out by isotope dilution-thermal ionization mass spectrometry (TIMS) in the radiogenic isotope lab at MIT. The analyzed zircons were separated and handpicked using standard mineral separation techniques. Representative grains were mounted, polished, and imaged by CL and BSE. The analyzed grains include both imaged grains that were plucked out of the mounts and whole unimaged grains. The analyzed xenotimes were first identified and imaged in polished slabs of the sample using BSE and then plucked individually from the slabs, allowing us to date grains with known petrographic contexts. Digestion and mass spectrometry procedures followed Rioux et al. [2012b] . Single grains and grain fragments of zircon were dissolved following the chemical abrasion method, which employs a two-step digestion process to isolate low U portions of the zircons, minimizing the impact of Pb loss [Mattinson, 2005] . In our previous analyses of clear inclusion-free zircons, we used a single 12-14 h leach step at 180-220°C; however, because of the small effective grain size between inclusions in the inclusion-rich zircons, in this study we used multiple 3-4 h leach steps at 180°C, for a total duration of 8-14 h. We rinsed the zircons between each step and inspected them under a microscope to determine how much material was left.
Xenotime grains were loaded into clean Savillex Teflon hex beakers, rinsed with H 2 O, placed in an ultrasonic in acetone for~15 min and then left at room temperature for~12 h. The acetone was then removed, the grains were rinsed 2 times in H 2 O and then left in Seastar hydrogen peroxide at room temperature for~6 h. The grains were then rinsed in H 2 O 3 times and loaded into clean Teflon microcapsules. Final digestion and column procedures were the same as for zircon. The xenotime rinse procedures were designed to remove residual carbon coating, from imaging of the grains, and other surface contamination without impacting the U-Pb systematics.
Isotopic analyses were carried out on a VG sector 54 TIMS at MIT. All data reduction, error propagation, and plotting of U-Pb data were done using the Tripoli and U-Pb_Redux software packages McLean et al., 2011] , with the exception of the 234 U corrections, which were done off-line. Analyses were corrected for laboratory blank using the isotopic composition from repeat measurements of total procedural blanks reported in Rioux et al. [2012b] .
Results

Major Mineral Petrography and Geochemistry
The studied gabbro from the Vema fracture zone underwent extensive hydrothermal alteration during a polyphase down-temperature evolution. Some primary textures and grain shapes still reflect the magmatic origin of the rock, but almost no primary magmatic minerals are preserved. Low Ti amphiboles of cummingtonitic to gruneritic composition (X Mg = Mg/(Mg + Fe) = 0.45-0.75; Si = 7.5-7.92 per formula unit (p.f.u.), formula based on 23 oxygen atoms; Table S1 in the supporting information) preserve evidence of an early phase of high-temperature hydrothermal metamorphism (Figure 2a ). Amphibole REE patterns are convex up, depleted in light REEs, and have a pronounced negative Eu anomalies (Table S1 ). REE concentrations are up to 1000 times chondritic values. Albite (X Ab = 0.96-1.00, X An ≤ 0.02, X Or ≤ 0.02; Table S1 ) forms straight grain boundaries with cummingtonite, suggesting coeval formation; however, it is also possible that pseudomorphic albitization of more calcic igneous or metamorphic plagioclase occurred subsequent to cummingtonite formation. A final early mineral is ilmenite, which is locally fractured and overgrown by later titanite; the ilmenite may be a relict igneous mineral (Figure 2b ).
Minerals formed during lower temperature hydrothermal metamorphism include kerolite, prehnite, and chlorite ( Figure 2 ). Almost nickel-free kerolite (Ni < 500 ppm) forms irregular patches and veins cutting the rock Figure 3f is a close-up CL image of a thin coherent zircon rim that surrounds part of the grain. (g-j) BSE images of in situ xenotime. Grains that were plucked out and dated after imaging are labeled in the upper right corner (e.g., hz8 and x3), and the numbers correspond to the fraction numbers in Figures 5 and 6 and Table 2 . Mineral abbreviations are the following: ab, albite; am, amphibole; br, britholite; cl, chlorite; kr, kerolite; zr, zircon; and xe, xenotime. The white bar in each figure is 50 μm. Table S1 ). Mineral formulas calculated on the basis of 11 oxygen atoms show almost perfect talc stoichiometry; however, analysis totals are 86.6-89.0 wt % (Table S1 ), indicating a higher water content. The analysis totals are slightly lower than expected for kerolite [Brindley et al., 1979 [Brindley et al., , 1977 and may reflect intergrowth of kerolite with other hydrous phases (e.g., stevensite and smectite). Elevated Al 2 O 3 , K 2 O, and MnO suggest incorporation of additional interlayer cations. While kerolite is not a recognized mineral name by the International Mineralogical Association, it has been identified and described in detail as a talc-like mineral with higher water content, wider basal spacing, and disordered layer stacking [Brindley et al., 1977] and has been recognized as a low-temperature alteration phase in other hydrothermal system [Dekov et al., 2008a [Dekov et al., , 2008b . The exact mineral name applied does not impact the conclusions of this study regarding the conditions of hydrothermal alteration.
Prehnite and chlorite are pervasive, overgrow or replace all other minerals (cummingtonite, albite, and kerolite) and are interpreted to represent the latest stage of the hydrothermal alteration history. Prehnite aggregates are irregularly shaped and contain only minor iron (Fe 2 O 3 < 0.25 wt %, assuming Fe tot = Fe 3+ ; Table S1 ). The coexisting chlorite has a near Mg end-member composition (X Mg = 0.94-0.99; Table S1 ). The small variability observed can be explained by Tschermak substitution.
Accessory Mineral Petrography and Geochemistry
Accessory minerals include zircon, xenotime, titanite, apatite, monazite, and britholite ( Figure 3c and on the right termination of the zircon in Figure 3f . The xenotimes in the sample include grains associated with both clear and inclusion-rich zircons (Figures 3c, 3h, and S2) and isolated xenotimes in the groundmass (Figures 3g, 3i , and 3j). The britholite-(Y) associated with the inclusion-rich zircons and xenotimes is enriched in heavy REEs and has a trace element pattern similar to the xenotime. Analysis totals of britholite are low (Table S2) , which may be due to water content or the porous texture of some grains.
Ti-in-zircon measurements were used to calculate model temperatures during zircon crystallization [Ferry and Watson, 2007; Watson et al., 2006] . Ti concentrations in the clear zircons ranged from 5.1 to 12.0 ppm (Table 1; spot locations are marked in Figure S1 ). The Ti-in-zircon thermometer is dependent on the a SiO2 , a TiO2 , and P during crystallization. It is not possible to directly constrain the a SiO2 or a TiO2 in the studied sample because [Jaffey et al., 1971] . Plots were generated using the U-Pb_Redux software package McLean et al., 2011] .
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almost all the igneous minerals have been replaced during hydrothermal metamorphism; however, a SiO2 and a TiO2 of most albite-bearing crustal rocks fall between 0.5 and 1.0 [Ferry and Watson, 2007] . The presence of early, potentially magmatic ilmenite and later titanite is consistent with a TiO2 > 0.5. Model Ti-inzircon temperatures range from 687 to 763°C (a TiO2 = a SiO2 ), 748 to 835°C (a TiO2 = 0.5, a SiO2 = 1), and 632 to 700°C (a TiO2 = 1, a SiO2 = 0.5). Assuming a Ti02 < 0.5 leads to higher model Ti-inzircon temperatures. Estimated uncertainties on the model temperatures from the calibration fit are ± 11-16°C [Ferry and Watson, 2007] . The pressure dependence of the Ti-in-zircon thermometer has not been calibrated, but Ferry and Watson [2007] estimate an approximate variation of À50°C/GPa, for pressures below 1 GPa. The crust in the Vema section is thin (~2.2 km [Auzende et al., 1989] ), and the pressure dependence means that the model Ti-in-zircon temperatures reported above may be~40-50°C too high. The heterogeneity in the 91500 standard leads to small ± 0.6-1.8 ppm uncertainties in the calculated Ti concentrations, corresponding to variations in the model Ti-in-zircon temperatures of ±10-16°C. It was not possible to measure Ti in the inclusion-rich zircons without the laser also hitting chlorite inclusions, and TiO 2 contents measured by electron microprobe could not be used for thermometry, because concentrations were near the detection limit.
Titanite, apatite, and monazite are less common and smaller than zircon and xenotime. Titanite occurs as narrow rims on ilmenite ( Figure 2 ). Rare apatite grains are hypidiomorphic and show pronounced zonation in BSE images. Rare monazites are ≤ 30-40 μm long and show typical REE abundances (Table S2 and Figure S2 ). Variability in monazite REE + Y + P versus Th + U + Si shows scatter with some indication of brabantite U decay chains during crystallization or recrystallization of the analyzed mineral [Mattinson, 1973] Th exclusion-is +109,000 years; there is no upper limit to the correction for phases that incorporate excess Th.
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U disequilibrium is less common; however, modern seawater is enriched in 234 U relative to secular equilibrium [Andersen et al., 2010; Chen et al., 1986a; Delanghe et al., 2002] , and analyses of seafloor hydrothermal systems and hydrothermally metamorphosed rocks indicate that seawater U is likely incorporated into mafic and ultramafic rocks during hydrothermal metamorphism [Bach et al., 2001; Bach et al., 2003; Chen et al., 1986b; Ludwig et al., 2011; Michard and Albarede, 1985; Staudigel et al., 1996] [Robert et al., 1969] . A limited number of studies have shown evidence for large 231 Pa excesses in some zircons [Anczkiewicz et al., 2001; Parrish et al., 2003] , and smaller amounts of excess 231 Pa may be common Schmitt, 2007] . [Lissenberg et al., 2009; Rioux et al., 2012b] . These values are similar to Th/U of zircons from other unaltered Vema gabbros and zircons from gabbros and felsic dikes and veins from Atlantis Bank on the Southwest Indian Ridge [Baines et al., 2009; Lissenberg et al., 2009; Rioux et al., 2012b; Schwartz et al., 2005] . Based on the Th/U and the CL zoning in these grains, we previously interpreted them as magmatic zircons, and the Ti-in-zircon temperatures measured in this study provide further support for that interpretation. The reported 206 Pb/ 238 U dates for these grains were therefore
Th corrected assuming an effective magma Th/U equivalent to an average Th/U for mid-ocean ridge U data is to apply a constant zircon-melt D Th/U to predict the Th/U of the parental magma [e.g., Barboni and Schoene, 2014; Wotzlaw et al., 2014] . Applying a constant D Th/U = 0.20 [Wotzlaw et al., 2014] to correct the 206 Pb/ 238 U dates of the clear zircons changes the Th-corrected dates by ≤ 0.009 Ma. For the purposes of this study, we feel that it is more accurate to correct the data using the measured Th/U and ( 230 Th)/( 238 U) of MORB glasses (parentheses denote activates). We note that although the analyzed zircons crystallized from magmas that are more evolved than MORB, it is unlikely that magmatic differentiation significantly changed the Th/U of the magmas, as discussed in the supporting information of Rioux et al. [2012b .
In contrast to the clear zircons, the inclusion-rich zircons have very low calculated Th/U = 0.05-0.09 (Table 2) . These values suggest that the parental (source) liquid also had low Th/U or that Th was preferentially expelled from the zircons during recrystallization. The degree of initial 230 Th disequilibrium is poorly constrained, and we considered three models ( U dates of 13.454 ± 0.008 to 13.361 ± 0.017 Ma, which we consider minimum dates for these zircons.
We favor the second model, based on evidence discussed in section 4.2, and these dates are plotted in Figure 5 and used hereafter when referring to Th-corrected 206 Pb/ 238 U dates for the inclusion-rich zircons.
In models 1 and 2, all of the inclusion-rich zircons are older than all but one of the clear inclusion-free zircons (Figures 5 and 6) . In these models, we assumed zircon preferentially incorporates or retains U relative to Th. This assumption is consistent with the observation that most zircons have Th/U lower than whole rock values, and with estimated zircon-melt D Th/U~0 .2 [e.g., Bindeman et al., 2006; Blundy and Wood, 2003; Schmitt et al., 2003; Wotzlaw et al., 2014] . We argue in section 4.2 that the inclusion-rich zircons formed by dissolution-reprecipitation of igneous zircons and Th is also typically expelled from zircon during these processes [Tomaschek et al., 2003] .
Model 3 merits a more detailed discussion. low Th/U-although a high Th parental rock or liquid could have a low Th/U, it would require unreasonably high whole rock or liquid U concentrations. It is also highly unlikely that all of the U in the zircons was derived from seawater because studies of hydrothermally altered rocks from mid-ocean ridges suggest maximum U addition of < 0.3 ppm in none carbonate phases, and the U content of the inclusion-rich zircons (minimum > 100-200 ppm) suggests higher parental U concentrations; maximum U contents from hydrothermally altered rocks are from Bach et al. [2001 Bach et al. [ , 2003 and Staudigel et al. [1996] excluding samples with > 3 wt % CO 2 . These observations suggest that model 3 significantly underestimates the true age of the inclusion-rich zircons.
Zircon textures within the sample are consistent with the geochronologic data that indicate that the inclusion-rich zircons predate the clear zircons. If the inclusion-rich zircons postdated the clear zircons, the clear zircons would have represented easy nucleation points for further zircon growth, as observed in previous studies of hydrothermal zircons [Hoskin, 2005; Schaltegger et al., 2005] ; however, we found no evidence of inclusion-rich rims on clear zircons.
Each of the dated xenotimes are shown in situ in Figure 3 . The dated xenotimes have a large range of calculated Th/U = 0.57-2.56 ( 
Discussion
Conditions of Hydrothermal Metamorphism
Major mineral textures and chemistry constrain the conditions of hydrothermal alteration of the studied sample. Amphiboles in gabbroic rocks can form under conditions ranging from high-temperature crystallization of hydrous silicate melts to high-temperature (>300°C) interaction of hydrous fluids with the oceanic crust [Hacker et al., 2003] . Calcic high-alumina amphibole with high concentrations of TiO 2 is typically interpreted to be of magmatic origin [e.g., Bazylev et al., 2001] . In contrast, subcalcic and low-Ti amphibole are more commonly associated with high-temperature or hydrothermal metamorphism [e.g., Silantyev et al., 2008] . The amphiboles in DR10-005 have metamorphic textures, and the low Ti concentrations and cummingtonitic compositions are consistent with formation during hydrothermal alteration. Coogan et al. [2001b] argued that the Nb content of amphiboles can be used to distinguish between magmatic and hydrothermal amphibole, where magmatic amphiboles have high Nb (>1 ppm) and hydrothermal amphiboles formed from an igneous protolith have low Nb (<1 ppm). The amphiboles in DR10-005 have high Nb (~30 ppm), which may indicate that they formed as pseudomorphic replacements of preexisting magmatic amphiboles. In the Atlantis Massif, Mid-Atlantic Ridge, the occurrence of cummingtonitic amphibole has been attributed to mobility of CaO and SiO 2 at temperatures exceeding amphibolite-facies metamorphism [Blackman et al., 2006] .
The pronounced negative Eu anomaly of the amphiboles may point to coexisting plagioclase during formation or recrystallization. While plagioclase likely also formed during high-temperature hydrothermal
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metamorphism, the present albitic composition may be due to lower grade hydrothermal overprint. Given the uncertainty in the origin of the plagioclase composition, amphibole-plagioclase thermometry was not attempted. However, by analogy with other natural samples [e.g., Coogan et al., 2006; Coogan et al., 2001b; Schroeder and John, 2004] we make a temperature estimate of 600-950°C for growth of metamorphic plagioclase and amphibolite during high-temperature hydrothermal metamorphism (Figure 8 ).
The textures and compositions suggest that the observed kerolite formed in response to a brittle deformation event at temperatures below 500°C. Eberl et al. [1982] proposed the existence of a continuous structural series between talc, kerolite, and stevensite. Thermogravimetric heating experiments for kerolite show considerable weight loss between 100°C and 600°C and a pronounced decrease between 600°C and 800°C [Brindley et al., 1977] . The latter is likely due to release of OH, whereas the lower temperature weight loss, which is 70-100% reversible, is related to the interlayer breakdown. For stevensite, DeRudder and Beck [1963] proposed breakdown to talc at temperatures above 275°C. Derivation of kerolite formation temperatures from thermodynamic calculations is hindered by the random layer stacking and the resulting chemical variation; e.g., higher Al contents may point to an interstratified smectite component [Dekov et al., 2008b] . Oxygen isotope thermometry can be used to estimate the conditions of kerolite formation and Dekov et al. [2008a Dekov et al. [ , 2008b determined temperatures of 226-382°C for a kerolite-smectite assemblage and 153-207°C for chlorite in basalt and ultramafic hosted marine hydrothermal systems. Assuming a simple down-temperature evolution, the sequence of kerolite then chlorite fits our observation for the Vema sample. Based on the outlined constraints, we propose that focused high-temperature (200-400°C) fluid flow formed kerolite veins, before lower temperature, more pervasive flow lead to chlorite and prehnite growth (Figure 8 ).
Prehnite is an index mineral for the prehnite-pumpellyite facies [Coombs et al., 1959] . Frey et al. [1991] calculated the stability field of prehnite in the silica-saturated CaO-Al 2 O 3 -SiO 2 -H 2 O system to extend from 150 to 400°C. However, these authors noted that the size and pressure-temperature (P-T) extent of the stability field depend significantly on the coexisting minerals. Incorporation of trivalent iron can also shift the stability field to lower temperatures; however, the iron content is negligible in the Vema sample. Based on the Frey et al. study, the estimated temperatures of hydrothermal chlorite growth from the oxygen isotope thermometry by Dekov et al. [2008b] , and the occurrence of prehnite in geothermal areas (Rusinov [1965] , according to Liou [1971] ), we estimate the prehnite + chlorite assemblage in the Vema sample formed at~150-200°C.
Origin of the Zircons and Xenotimes
The CL zoning, model Th/U, and Ti contents of the inclusion-free clear zircons all suggest that they formed by igneous crystallization. The calculated Ti-in-zircon temperatures depend on the a TiO2 and a SiO2 and yield model temperatures of 630-840°C. The Ti-in-zircon concentrations and model crystallization temperatures are indistinguishable from zircons from mid-ocean ridge gabbros from Atlantis Massif (30°N, MAR), Atlantis Bank (57°E, SWIR), and the Kane Fracture Zone (23°N, MAR), which record a continuous range of temperatures from 670 to 1020°C (a TiO2 = 0.7, a SiO2 = 0.7; n = 406) John et al., 2012] . The Th/U and zoning patterns in CL are also similar to other igneous zircons from the Vema lithospheric section [Lissenberg et al., 2009] .
The textures of the inclusion-rich zircons suggest that these grains likely formed by dissolution-reprecipitation reactions. The inclusions in these zircons are primarily chlorite but also include smaller numbers of xenotime and britholite, and rare [ Tomaschek et al. [2003] reported similar textures of zircons with numerous inclusions of Y, Th, and REE phases from high-pressure/low-temperature metamorphic rocks from Greece. These authors argued that the textures most likely formed as a result of Y, Th, and REE being expelled from the zircon structure during dissolution and reprecipitation [Geisler et al., 2007; Tomaschek et al., 2003] . The solubility of Y and Th in the zircon structure is temperature dependent, and magmatic zircons with high concentrations of these elements may be metastable at lower temperatures, providing a driving force for dissolution-reprecipitation [Geisler et al., 2007; Tomaschek et al., 2003] . The recrystallized zircons often have numerous small voids, which may reflect a volume change during the reaction [Geisler et al., 2007; Tomaschek et al., 2003] . The recrystallized zones are also characterized by lower Th/U and partially or completely reset U-Pb dates, suggesting preferential expulsion of Th and Pb relative to U.
Several studies suggest that similar dissolution-reprecipitation reactions can occur during hydrothermal metamorphism Schwartz et al., 2010; Soman et al., 2010; Spandler et al., 2004] . Spandler et al.
[2004] described zircons in a schist from New Caledonia with inclusion-rich zones containing celadonite, kaolinite, quartz, Fe-oxy-hydroxide, smectite, chlorite, and Sc, Y, and REE phases. The low-temperature (<100°C) mineral assemblage and the presence of Sc, Y, and REE phases are consistent with dissolution-reprecipitation of igneous zircons during hydrothermal alteration of oceanic crust [Spandler et al., 2004] . The low-temperature inclusion assemblage in the zircons was preserved despite subsequent blueschist-to eclogite-facies metamorphism of the rock (1.6-1.9 GPa, >600°C). Grimes et al. [2009] and Schwartz et al. [2010] also documented zircons with porous domains and in some grains Y, Th, and U-rich inclusions from plutonic rocks from the MAR and the SWIR. These authors similarly interpreted the porosity, inclusions, and trace element contents of the zircons to reflect dissolution-reprecipitation either during hydrothermal or deuteric alteration.
In the inclusion-rich zircons from Vema, the xenotime and britholite inclusions suggest that the original zircon had high Y and REE concentrations and that these elements were expelled from the crystal structure during recrystallization. There are no preserved inclusion-free cores in these zircons that might represent unreacted igneous crystal. However, if the xenotime and britholite in the grain shown in Figure 3e were expelled from the zircon structure, a simple mass balance assuming spherical geometry suggests that the original zircon had Y contents > 1 wt %. Zones of unreacted zircon in the studies discussed above have similar Y contents [Schwartz et al., 2010; Tomaschek et al., 2003] , and unreacted zircons with similar Y contents occur in other gabbros from the Vema section [De Hoog et al., 2014] . The low Th/U of the inclusion-rich zircons likely reflect preferential expulsion of Th relative to U during recrystallization [Hoskin and Black, 2000; Rubatto et al., 2008; Tomaschek et al., 2003] . The thin, inclusion-free rims with coherent zoning in CL on some grains (Figure 3f ) may reflect either low-Y rims on the protolith zircons that did not undergo dissolution-reprecipitation or younger overgrowths that formed during subsequent magmatism or hydrothermal metamorphism. In previous studies of zircon textures attributed to dissolution-reprecipitation reactions, porous and inclusion-rich domains occur both as rims on unreacted cores and as cores with unreacted rims, likely reflecting the initial distribution of Y and other trace elements within the grains [Schwartz et al., 2010; Tomaschek et al., 2003 ].
Most of the imaged xenotimes appear to have grown during or following hydrothermal metamorphism. The most compelling evidence of this is xenotime X4, which grew parallel to the cleavage of metamorphic albite (Figure 3i ). Other dated xenotimes were located along grain boundaries between metamorphic minerals. A few xenotimes are associated with both the inclusion-rich and clear inclusion-free zircons ( Figures 3c and 3h) ; since zircon and xenotime are isostructural, the xenotime may have nucleated on existing zircons. In the case of the inclusion-rich zircons, the associated xenotime and britholite (Figure 3c ) may be related to mobilization of Y from inclusions along the edges of the zircons or cracks within the zircons.
Interpretation of the U-Pb Dates
To understand the geologic significance of the dates from the inclusion-rich zircons and the observed intrasample variability, it is necessary to assess the potential impact of (i) the rims observed on some grains (Figures 3c and 3f) , (ii) incomplete resetting during recrystallization, and (iii) Pb loss.
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Most of the dated inclusion-rich zircons were not mounted and imaged prior to dating to preserve the maximum amount of material for analysis, and the extent of inclusion-free rims on these grains is not constrained. As discussed above, the rims could either be relic older zircon that did not undergo dissolution-reprecipitation or be younger rims that overgrew the reacted grains. In either case, several factors suggest that whereas the inclusion-free rims on some grains could explain some or all of the observed intrasample variability, either most of the dated zircons did not have rims or the rims did not have a significant impact on the zircon dates: (1) inclusion free rims were only observed on two of the six imaged grains; (2) Incomplete resetting of the U-Pb system during zircon dissolution-reprecipitation could also impact the U-Pb isotopic systematics. However, the uniform, low Th/U of the dated zircons suggests that Th was effectively expelled from the crystal structure. Pb is less compatible than Th in zircon, making it likely that the U-Pb system was completely reset during dissolution-reprecipitation. This interpretation is supported by data from Tomaschek et al. [2003] and Rubatto et al. [2008] , which show that zircons formed by dissolution-reprecipitation with uniformly low Th/U had reset U-Pb dates; not all recrystallized grains in these study were completely reset, but the spot analyses with slightly older U-Pb dates also had higher Th/U. Hoskin and Black [2000] reported partial resetting of U-Pb dates in recrystallized zircon with apparently reset Th/U ratios; however, textural evidence-including the preservation of relic igneous zoning in some recrystallized areas-suggests that the zircons in that study underwent solid-state recrystallization, rather than dissolution-reprecipitation, and this process appears to be less efficient at resetting the U-Pb system.
Although we consider it most likely that the U-Pb system was completely reset, we quantitatively assessed the impact of incomplete resetting. A key result of the U-Pb analyses is that the inclusion-rich zircons are older than the clear zircons. Given the evidence that the clear zircons have an igneous origin, we interpret the inclusion-rich grains or their protoliths to be older xenocrysts that were assimilated by a younger magma. To assess whether the dissolution-reprecipitation reactions occurred prior to or following assimilation, we used simple decay and mixing calculations. Given that Pb is less compatible than Th in zircon, we took the percentage of Th expelled as the minimum percentage of Pb expelled during the reactions. If the zircon protoliths to the inclusion-rich zircons had Th/U equal to the average Th/U of igneous zircons from the Vema gabbros (0.375) [Lissenberg et al., 2009; Rioux et al., 2012b] , the low Th/U (0.05-0.09) of the inclusion-rich grains imply that 76-86% of the Th was expelled. Pb/ 238 U dates for the inclusion-rich zircons range from 13.598 ± 0.012 to 13.503 ± 0.018 Ma, whereas the two youngest precisely dated clear inclusion-free zircons (z4 and z8) give a Th-corrected weighted mean 206 Pb/ 238 U date of 13.380 ± 0.011 Ma. If the dissolution-reprecipitation reactions occurred after crystallization of the younger magma, Pb was removed from the crystal structure at the same rate as Th, and the older dates of the inclusion-rich zircons are due to incomplete resetting of the U-Pb system, it would require that the protolith zircons are ≥ 0.72-1.57 Ma older than the clear zircons. This is a minimum estimate of the age of the protolith zircons because Pb is likely more incompatible that Th during zircon dissolutionreprecipitation reactions. Using the 16.1 km/Ma half-spreading rate calculated from marine magnetic anomalies [Müller et al., 2008] , the predicted age difference would correspond to 11.6 to 25.3 km of spreading. The similar age of the other gabbros we have dated from the Vema section [Lissenberg et al., 2009; Rioux et al., 2012b] suggests that the studied sample is not a dike or sill that intruded ≥12-25 km off axis, and we consider it unlikely that either a small fragment of older crust was trapped at the ridge axis for > 1.6 Ma or all of the dated gabbros are younger magmas intruding into a faulted older crustal block related to the adjacent transform. The latter conclusions are supported by the fact that we have not found ≥ 0.7-1.6 Ma xenocrystic zircons in any of the dated samples. Instead, the calculations suggest that the U-Pb system was reset by the dissolution-reprecipitation reactions, the Th-corrected 206 Pb/ 238 U dates reflect the timing of these reactions, and the dissolution-reprecipitation reactions occurred prior to assimilation of the inclusion-rich zircons into the younger gabbroic magma.
It is more difficult to quantitatively assess the impact of Pb loss on the dated inclusion-rich zircons. The numerous inclusions in these zircons reduce the effective grain size, increase surface area, and thus could facilitate Pb loss. The chemical-abrasion method minimizes the impact of Pb loss; however, because of the ± 0.0083 Ma; MSWD = 1.2)-which all overlap within uncertainty and include the rim absent grain hz8-as the best estimate of the age of the dissolution-reprecipitation reactions. The two older Th-corrected 206 Pb/ 238 U dates may be related to relic older rims, and the one younger Th-corrected 206 Pb/ 238 U date may reflect minor Pb loss. Following the dissolution-reprecipitation reactions, the inclusion-rich zircons were assimilated into the younger gabbroic magma and the clear igneous zircons crystallized from this magma. Using the average of the two youngest precise dates (z4 and z8) from the clear zircons as the best estimate of the final crystallization age of the younger magma (13.380 ± 0.011 Ma), the inclusion-rich zircons formed 0.162 ± 0.024 Ma to 0.218 ± 0.016 Ma prior to assimilation (excluding the youngest inclusion-rich date), and the protolith to the inclusion-rich zircon must have been ≥0.218 ± 0.016 Ma older.
Th-corrected 206 Pb/ 238 U dates of the xenotime from the sample are younger than the clear zircons ( Figure 5 ), and textural evidence suggests that the xenotimes grew during hydrothermal metamorphism of the younger gabbro. The two oldest precise dates for the xenotime give an average Th-corrected 206 Pb/ 238 U of 13.251 ± 0.021 Ma (x3 and x5), assuming complete Th exclusion, indicating that the second hydrothermal metamorphism occurred ≥ 0.13 Ma after crystallization of the gabbro.
Origin of Chlorite Inclusions in the Inclusion-Rich Zircons
A final factor in understanding the geologic implications of the U-Pb dates of the inclusion-rich zircons is the origin of the ubiquitous chlorite inclusions in these grains. Previous studies of zircon textures attributed to dissolution-reprecipitation reactions have documented both pores/voids [Geisler et al., 2007; Grimes et al., 2009; Rubatto et al., 2008; Schwartz et al., 2010; Tomaschek et al., 2003] and mineral inclusions, including phases formed from elements purged from the zircon structure (e.g., xenotime and thorite) and metamorphic silicates (e.g., pyroxene, kaolinite, and chlorite) [Rubatto et al., 2008; Spandler et al., 2004] . For the inclusion-rich zircons in this study, the chlorite inclusions may have formed by hydrothermal alteration during or prior to the original dissolution-reprecipitation reactions, or during a later hydrothermal event.
A key consideration for understanding the origin of the chlorite inclusions is whether isolated chlorite inclusions, and the zircon containing them, could survive assimilation into a younger gabbroic magma. Chlorite breaks down to anhydrous minerals at magmatic temperatures, and the dehydration reactions have large volume increases that will lead to large internal pressures in isolated inclusions. If the internal pressures are high 
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( Figure 9 ; pressure ranges are based on reaction pressure and temperatures calculated using THERMOCALC) [Chernosky, 1974; Chernosky et al., 1988; Holland and Powell, 1998; Jenkins and Chernosky, 1986; Powell and Holland, 1988; Staudigel and Schreyer, 1977] .
To calculate the internal pressures generated by chlorite breakdown within an isolated inclusion in zircon, we calculated mineral volumes at pressure (P) and temperature (T) using the Tait equation of state and the thermodynamic data set of Holland and Powell [2011] . We used a starting condition of P = 0.5 kbar and T = 200°C, consistent with the temperature of chlorite formation during hydrothermal metamorphism and the thin 2.2 km thickness of the Vema crust. Final conditions of T = 1000°C and external P = 0.5 kbar were used to model assimilation of the zircon into a gabbroic magma. The initial volume of the inclusion was calculated as the molar volume of clinochlore at the initial conditions. The volume of the inclusion cavity would increase with increasing temperature, and we calculated this volume change based on the thermal expansion of zircon. To calculate the internal pressure generated by each of the chlorite-breakdown reactions, we calculated the volume of the solid reaction products at 0.5 kbar, 1000°C, and calculated the volume available for water liberated by the breakdown reactions as the difference between the volume of solid reaction products and the volume of the inclusion cavity at 1000°C. An initial estimate of the internal pressure of the inclusion was then calculated from the molar volume of water in the inclusion cavity, using the equation of state for water of Pitzer and Sterner [1995] (i.e., the water is constrained to the cavity volume, and the pressure is defined by the volume, molar amount of water, and temperature). The increased internal pressure from chlorite breakdown would deform the zircon and expand the inclusion cavity. To account for this expansion, we used equation (1) of Guiraud and Powell [2006] , with the zircon shear modulus calculated at P = 0.5 kbar and T = 1000°C following Hacker and Abers [2004] , using the shear moduli (G and G′) of Özkan and Jamieson [1978] or Dutta and Mandal [2012] . The Guiraud and Powell [2006] equation is not appropriate for areas with numerous closely spaced inclusions; however, the final P-T paths for the inclusions are not sensitive to the shear modulus. The elastic expansion of the inclusion cavity and a decrease in volume of the solid reaction products at increased internal pressure decreases the estimated internal pressure, making it necessary to iterate the calculations until an equilibrium internal pressure is determined.
At T = 1000°C and an external P = 0.5 kbar, the three breakdown reactions lead to theoretical internal pressures in isolated inclusions of 33.4 kbar (equation (1)), 21.5 kbar (equation (2)), and 9.2 kbar (equation (3)). However, because of the positive Clapeyron slope of the two lower pressure reactions (equations (1) and (2) and Figure 9 ), the high internal pressures predicted will not be reached. Instead, as temperature increases, the large pressure increases associated with equations (1) and (2) drive the P-T conditions back toward the chlorite side of the reactions, and the P-T paths of the inclusions follow the reaction P-T loci up to 16 kbar. Above 16 kbar, the stable reaction is equation (3), which leads to internal pressures below the pressure of the inclusions at that point. This will result in the P-T path of the inclusions following the 2enstatite + spinel = pyrope + forsterite reaction (Figure 9 ). The maximum internal pressures of the inclusions are therefore controlled by the position of the enstatite to pyrope reaction and will be~16 kbar. This reaction is insensitive to temperature, and inclusion temperatures >1000°C will not significantly increase the internal pressures. Similarly, because of the large pressure drop associated with pyrope formation, even significant partial melting in the inclusions will not increase the internal pressures. Parkinson and Katayama [1999] , using laser Raman microspectroscopy, found that coesite inclusions completely enclosed within zircon have internal pressures of 19-23 kbar. The pressures predicted here are significantly lower, suggesting that the inclusion-rich zircons could withstand chlorite breakdown in enclosed inclusions during assimilation into a younger gabbroic magma.
Given the large number and variable spacing of the inclusions in the studied zircons, it is likely that the stress fields of some inclusions would have interacted, possibly leading to brittle failure between inclusions. However, the calculations above suggest that a majority of the inclusions in the grains could have
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remained isolated in the zircons during assimilation into a younger magma. At peak conditions, chlorite inclusions that had been incorporated into or grown in situ within the zircons would be converted to forsterite + spinel ± enstatite ± pyrope + water. The inclusions could subsequently revert back to chlorite along a reverse P-T path during crystallization of the magma and the subsequent cooling of the resultant gabbro. Diffusive loss of elements from the inclusions at magmatic temperatures is unlikely due to the slow diffusion rates in zircon Cherniak and Watson, 2000] . A potential exception could be H due to its small radius; however, thermal decomposition of H 2 O to H and O occurs at temperatures >1200°C [Lede et al., 1982] , and H 2 O diffusion is likely to be slower than O diffusion in zircon .
The chlorite inclusions occur throughout the zircons, and the vast majority of the inclusions, including submicron inclusions, are surrounded by zircons in two dimensions. We consider it most likely that many of these inclusions are completely isolated within the zircons and that the chlorite inclusions grew in situ or were incorporated into the zircons during the dissolution-reprecipitation reactions and followed the P-T path outlined above during assimilation of the zircons into the younger gabbroic magma. This interpretation is consistent with the results from Spandler et al. [2004] , who argued that a low-temperature mineral assemblage, enclosed within zircons during dissolution-reprecipitation reactions, remained isolated even during subsequent high-pressure metamorphism. To further test this hypothesis, we attempted to compare the composition of the chlorite inclusions within the inclusion-rich zircons to the composition of the chlorite in the groundmass; however, due to the variable hardness of zircon and chlorite, a poor polish on the chlorite inclusions precluded accurate measurements of the composition.
Assimilation of the inclusion-rich zircons into the younger magma could have occurred as individual grains or within larger xenoliths. Alternately, the studied gabbro could represent a composite of the original older gabbro, cut by intrusive veins of younger gabbro. We did not observe any textural relationships that support the latter model, and we consider this unlikely; however, it is possible that original cross-cutting relationships have been obscured by the near complete hydrothermal metamorphism of the sample (supporting information Figure S3 ). The conclusions reached in this study are not dependent on the exact mechanism of interaction between the older gabbro that the inclusion-rich zircons formed in and the younger gabbro that intruded it.
An alternative explanation for the inclusion-rich zircon textures is that the dissolution-reprecipitation reactions that generated the inclusion-rich zircons generated numerous voids or pores within the grains. In this model, the dissolution-reprecipitation reactions may have been precipitated by either deuteric fluids related to the crystallization of the host magma or an adjacent younger magmatic intrusion or lower temperature hydrothermal fluids. Following assimilation of the porous zircons into a younger magma, these pores could have filled with chlorite during the same hydrothermal metamorphic event that generated the abundant chlorite in the samples groundmass. In this scenario, all of the original pores and voids within the zircons must have been interconnected, to allow later growth of chlorite throughout the grains. It is not possible to discount this hypothesis; however, we feel that the textural evidence is most consistent with the chlorite inclusions being isolated within the zircon and forming during a hydrothermal metamorphic event prior to assimilation into the younger gabbro.
Model of Lower Crustal Accretion
The combined textural, geochemical, and geochronologic data are consistent with interspersed magmatism and hydrothermal alteration at the ridge axis during lower crustal accretion. Our preferred explanation of the data (Figure 10) is (1) be less susceptible to dissolution-reprecipitation reactions than the high-Y protoliths to the inclusion-rich zircons, and as a result, the clear zircons were largely unaffected by these hydrothermal events.
The volume and composition of the magmas that the protolith to the inclusion-rich zircons crystallized from is not well constrained. Zircons in MOR settings are found in both evolved oxide bearing gabbros and more felsic plutonic compositions (i.e., quartz diorites, tonalites, and trondhjemites) [Baines et al., 2009; Grimes et al., 2009; Grimes et al., 2008; Lissenberg et al., 2009; Rioux et al., 2012a Rioux et al., , 2012b Rioux et al., , 2013 Schwartz et al., 2005] . For the inclusionrich zircons, the alteration assemblage of Mg-rich chlorite, found within the zircons, suggests a mafic protolith, and other oxide gabbros from the Vema crustal section contain high-Y zircons similar to the inferred protolith for these grains [De Hoog et al., 2014] . However, Jöns et al. [2009] argued that zircon bearing chlorite-amphibole veins that cross cut serpentinized harzburgites in abyssal peridotites from the Mid-Atlantic Ridge formed by extensive hydrothermal alteration of small volume tonalitic intrusions. The small tonalitic veins may be related to hydrous gabbro melting [Koepke et al., 2005] or differentiation of gabbroic magmas. Whether the protolith grains to the inclusion-rich zircons crystallized from a larger gabbroic body or smaller volume tonalitic melt, the inclusionrich zircons ultimately suggest that a gabbroic crust existed and underwent hydrothermal alteration prior to or synchronous with the dissolution-reprecipitation reactions that formed these zircons. Similarly, the metamorphic assemblage for the groundmass of sample DR10-005 is consistent with a gabbroic protolith, suggesting that the clear inclusion-free zircons most likely crystallized from a gabbroic magma. However, it is again not possible to discount the possibility that they actually formed in small evolved melt veins that cross cut the gabbro, which are now obscured by the extensive hydrothermal overprint. In this case, the thermal energy required to produce localized partial melting of hydrated gabbros would most likely come from a nearby gabbro intrusion, and the zircon dates still record the timing of local gabbroic magmatism.
The ≥0.218 ± 0.016 Ma age difference between the protolith to the inclusion-rich zircons and the youngest precisely dated clear igneous zircons (z4 and z8) implies that either the source rock for the inclusion-rich Figure 10 . Model explaining the sequence of alternating magmatism and hydrothermal alteration defined by zircon and xenotime dates in the studied sample. The horizontal axis shows distance perpendicular to the ridge axis for a spreading rate of 16.1 km/Ma, and the vertical axis is date (Ma; the spacing of the dates is nonlinear). The studied sample preserves a record of two separate magmatic and hydrothermal events that occurred over a spreading distance of almost 6 km.
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grains was trapped at the ridge axis or the Vema crust was generated over a several kilometer-wide zone. Using the 16.1 km/Ma half-spreading rate calculated from marine magnetic anomalies [Müller et al., 2008] , the age difference between the two zircon populations corresponds to 3.5 ± 0.3 km of spreading. Marine magnetic anomalies suggest that spreading was close to symmetrical at this time, with a spreading rate on the western side of the ridge of 16.1 km/Ma compared to a rate on the eastern side of 17.2 km/Ma [Müller et al., 2008] . If magmatism was roughly symmetrical on either side of the ridge, the total width of intrusive magmatism calculated using the full spreading rate of 33.3 km/Ma would be ≤7.3 km. This is a maximum estimate of the width for a 0.22 Ma age difference, because the crust might have been accreted over a distributed area, leading to displacement within the accretion zone less than the spreading rate. The chlorite inclusions in the inclusion-rich zircons suggest that the older gabbro cooled to lower amphibolite-or greenschist-facies conditions prior to intrusion of the younger magma [Schmidt and Poli, 1998 ].
Geophysical data indicate that most of the thickness of both extrusive lavas (layer 2A) and the intrusive crust is formed within the width of the inner rift valley floor at slow-spreading ridges (typically <15 km) [Hosford et al., 2001; Hussenoeder et al., 2002; Pariso et al., 1995; Seher et al., 2010] . Most ridge segments on the Mid-Atlantic Ridge have relatively narrow (<2-5 km wide) axial volcanic ridges [e.g., Ballard and Van Andel, 1977; Macdonald, 1982; Searle, 2013; Searle et al., 2010; Smith and Cann, 1992; , suggesting focused melt delivery. The long-term temporal evolution of axial volcanic ridges and the nature of magma supply to these features are areas of ongoing research. Different studies have suggested that axial volcanic ridges may migrate within the inner rift valley floor through time [Ballard and Van Andel, 1977; Barclay et al., 1998; Macdonald, 1977] or represent near-steady state features [Murton et al., 2012; Searle, 2013; . The low melt supply and general absence of seismically imaged magma chambers at slow-spreading ridges suggest that magmatism is episodic [e.g., Dunn and Forsyth, 2007; Sinton and Detrick, 1992] , and it may occur in either a single central magma chamber [Singh et al., 2006; Sinha et al., 1998; or numerous smaller chambers [Nisbet and Fowler, 1978; Smith and Cann, 1992] . In addition to the focused magmatism along the ridge axis, there is also evidence for much more limited off-axis volcanism, both within [Mallows and Searle, 2012] and outside the inner rift valley floor [Heirtzler and Ballard, 1977; Macdonald, 1982] .
The data from this study constrain the temporal evolution of intrusive magmatism during formation of the crust. The ≥0.22 Ma of magmatism recorded in the studied sample could reflect either lateral migration of a focused zone of intrusive magmatism through time or progressive formation of the lower crust through episodic pulses of distributed magmatism within the axial valley. Macdonald [1982] suggested that the focus of magmatism at slow-spreading ridges may migrate as a result of the episodic nature of magmatism; if the crust cools between magmatic pulses, preexisting zones of weakness exploited by previous magmatism may strengthen and the next magmatic pulse may follow a different path. The Vema crust is adjacent to a major transform fault, where the crust is relatively cool and there is a decreased magma supply Langmuir and Bender, 1984] , as evident from the thin crust. This tectonic setting is particularly prone to cooling between magmatic pulses and the chlorite inclusions in the inclusion-rich zircons provide evidence for hydrothermal circulation and cooling between the magmatic pulses in the studied sample.
The implied width of the magmatic zone from the U-Pb dates may also reflect interaction between the MAR and the Vema transform. At ridge-transform intersections on slow-spreading ridges, the neovolcanic zones can become discontinuous, widen, and bend into the transform [Fox and Gallo, 1984; Macdonald et al., 1986; Sempéré et al., 1993; . At the current ridge-transform intersection on the eastern side of the Vema transform, the ridge axis is offset~4 km to the west [Macdonald et al., 1986] . Modeling suggests that the deviation of the ridge axis depends on the relative contributions of tensile stress at the ridge and shear stress from the transform [Neves et al., 2004; Phipps Morgan and Parmentier, 1984] : e.g., if the transform fault is locked, the resultant stress field causes the ridge axis to rotate toward the transform. The stress field at ridge-transform intersections may change through time depending of the degree of coupling across the transform [Fox and Gallo, 1984] , which may in turn be linked to changes in lithosphere thickness associated with episodic magmatism [Macdonald et al., 1986] ; periods of high magma supply may lead to a thinner lithosphere, decreased coupling across the transform, and minimal rotation of the ridge axis, whereas periods of low magma supply may lead to a thicker lithosphere, increased coupling, and larger deviations of the ridge axis. Such variations in the stress field may explain the mutual overprinting of ridge parallel and oblique normal faults at ridge-transform intersections [Fox and Gallo, 1984; Macdonald et al., 1986] . The locus of magma intrusion will
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A third possible explanation of the U-Pb data is that the observed age difference between the inclusion-rich and clear zircons reflects different intrusion depths of the parental gabbros, rather than lateral migration of the locus of magmatism. Geochemical data, geophysical data, and exposed mantle lithosphere suggests that a significant volume of gabbro may crystallize in the mantle below slow-spreading ridges [Cannat, 1993 [Cannat, , 1996 Cannat et al., 1997; Coogan et al., 2001a; Kelemen et al., 2002; Lizarralde et al., 2004] , and some slow-spreading crust is a mixture of peridotite and gabbro [Cannat, 1993 [Cannat, , 1996 Dick et al., 2008] . At Atlantis Bank (SWIR), Schwartz et al. [2005] suggested that plutonic rocks from the lower crust with anomalously old U-Pb dates, relative to predicted ages based on marine magnetic anomalies, could have crystallized 5-18 km below the moho and then have been subsequently incorporated into the crust. The ≥0.22 Ma age difference between the two zircon populations in this study would require that the older gabbroic magma crystallized and underwent hydrothermal alteration ≥3.5 km below the base of the crust. This hydrothermally altered gabbro would have then had to move vertically to crustal levels and be partially assimilated by a younger magma. It is not possible to discount this model; however, we suggest that lateral migration of the locus of magmatism provides a more plausible explanation of the data for the Vema crust.
In either of the first two models, the ≥0.22 Ma age difference documented in this study suggests that either a focused zone of intrusive magmatism at ridge-transform intersections, and potentially at slow-spreading ridges in general, migrates several kilometers normal to the ridge on timescales of tens to hundreds of thousands of years or intrusive magmatism is distributed over several kilometers across the axis. If the observations from this study reflect general processes, they predict that there will not be a simple linear relationship between the age of the intrusive crust and distance from the ridge axis. This hypothesis could be tested by further high-precision dating of closely spaced samples from oceanic transforms. The age-versusdistance relationship for the full data set of Vema gabbros we have studied permits a distributed zone of axial magmatism-for example, there is an offset of 0.08 ± 0.04 Ma between the youngest dates in DR10-005 and DR10-007, which were both recovered from a single dredge [Lissenberg et al., 2009; Rioux et al., 2012b ]-however, a larger data set of precisely located samples is needed.
A key result from our previous research on Vema gabbros was that most of the studied samples contained a range of zircons dates [Lissenberg et al., 2009; Rioux et al., 2012b] . We attributed the intrasample variability in 206 Pb/ 238 U dates to either protracted magma crystallization or assimilation of older zircon from adjacent wall rocks. The results of this study provide strong evidence for the latter: assimilation during igneous crystallization. The evidence for assimilation of hydrothermally altered crust by later gabbroic magmatism contrasts with prior research on the Cl content of ridge plutonic and volcanic rocks [Coogan, 2003; Coogan et al., 2003; Michael and Cornell, 1998; Michael and Schilling, 1989] . Elevated Cl contents in plutonic and volcanic whole rocks and amphibole suggest that magmas at fast-spreading ridges assimilate a significant volume of hydrothermally altered crust [Coogan, 2003; Coogan et al., 2003; Michael and Cornell, 1998; Michael and Schilling, 1989] . However, similar Cl enrichments have not been observed at slow-spreading ridges, and the inferred absence of assimilation has been attributed to lower magma fluxes and deeper crystallization below areas of significant hydrothermal metamorphism [Coogan, 2003; Michael and Cornell, 1998; Michael and Schilling, 1989] . The results from this study show that assimilation of hydrothermally altered crust may be an important processes at slow-spreading ridges, although it may be restricted to the ends of ridge segments, where variable stress fields lead to a wider magmatic zone and the thin crust allows hydrothermal systems to access the lower crust.
Conclusions
Multiple U-bearing trace minerals from a hydrothermally altered gabbro from the Vema lithospheric section on the Mid-Atlantic Ridge record the timing of, and interaction between, hydrothermal metamorphism and magmatism during formation of the lower oceanic crust. The oldest zircon population contains ubiquitous chlorite inclusions and has very low Th/U (0.05-0.09). Th-corrected 206 Pb/ 238 U dates from these zircons range from 13.598 ± 0.012 to 13.503 ± 0.018 Ma. The zircon textures and mineral inclusions suggest that these grains formed by dissolution-reprecipitation of older igneous zircons during or following a hydrothermal [Lissenberg et al., 2009; Rioux et al., 2012b] . Ti concentrations (5.1-12.0 ppm), measured in this study, moderate Th/U (0.31-0.39), and CL zoning patterns are all consistent with an igneous origin for these zircons. The simplest explanation of the two zircon populations is that the older inclusion-rich zircons represent xenocrysts from an older hydrothermally altered gabbro that were assimilated into a younger gabbroic magma, from which the clear zircons crystallized. Thermodynamic calculations suggest that the inclusion-rich zircons could have survived chlorite breakdown during assimilation. Xenotimes from the sample, which textural evidence suggests grew during subsequent hydrothermal alteration of the younger gabbro, record maximum 206 Pb/ 238 U dates of 13.34 ± 0.16 to 12.993 ± 0.055 Ma. Taken together, the U-Pb dates record evidence of two separate hydrothermal and magmatic events during accretion of the lower crust.
The mineral assemblage of the studied sample records evidence of protracted metamorphism during the final hydrothermal event. The earliest evidence for hydrothermal overprinting of the magmatic mineral assemblage is cummingtonitic amphibole that formed at comparatively high temperatures (~600-950°C). This was followed by two major stages of lower temperature fluid-rock interaction. The first of these stages was localized fluid flow at temperatures of~200-400°C, leading to kerolite formation in veins. Subsequent diffuse fluid flow at slightly lower temperatures (~150-200°C) caused widespread formation of prehnite + chlorite.
The age difference between the older zircon xenocrysts and the younger igneous zircons constrains the width of the magmatic zone during lower crustal accretion. The 0.22 Ma age difference corresponds to 3.5 km of spreading. We attribute the distributed magmatism to east-west migration of the axial magmatic zone or to distributed magmatism over several kilometers across the ridge axis, related to either the episodic nature of magmatism at slow-spreading ridges and/or episodic changes in the local stress field at the ridge-transform intersection. The evidence for assimilation of older hydrothermally altered crust into younger gabbroic magmas contrasts with previous studies of the Cl content of mid-ocean ridge gabbros and basalts and suggests that this process is locally important at slow-spreading ridges. The results of this study show the power of using high-precision U-Pb geochronology to determine the timing of magmatic and hydrothermal processes at mid-ocean ridge spreading centers.
